ObJect Increased intracranial pressure (ICP) in patients with traumatic brain injury (TBI) is associated with a higher mortality rate and poor outcome. Mannitol and hypertonic saline (HTS) have both been used to treat high ICP, but it is unclear which one is more effective. Here, the authors compare the effect of mannitol versus HTS on lowering the cumulative and daily ICP burdens after severe TBI. MetHODS The Brain Trauma Foundation TBI-trac New York State database was used for this retrospective study. Patients with severe TBI and intracranial hypertension who received only 1 type of hyperosmotic agent, mannitol or HTS, were included. Patients in the 2 groups were individually matched for Glasgow Coma Scale score (GCS), pupillary reactivity, craniotomy, occurrence of hypotension on Day 1, and the day of ICP monitor insertion. Patients with missing or erroneous data were excluded. Cumulative and daily ICP burdens were used as primary outcome measures. The cumulative ICP burden was defined as the total number of days with an ICP of > 25 mm Hg, expressed as a percentage of the total number of days of ICP monitoring. The daily ICP burden was calculated as the mean daily duration of an ICP of > 25 mm Hg, expressed as the number of hours per day. The numbers of intensive care unit (ICU) days, numbers of days with ICP monitoring, and 2-week mortality rates were also compared between the groups. A 2-sample t-test or chisquare test was used to compare independent samples. The Wilcoxon signed-rank or Cochran-Mantel-Haenszel test was used for comparing matched samples. reSultS A total of 35 patients who received only HTS and 477 who received only mannitol after severe TBI were identified. Eight patients in the HTS group were excluded because of erroneous or missing data, and 2 other patients did not have matches in the mannitol group. The remaining 25 patients were matched 1:1. Twenty-four patients received 3% HTS, and 1 received 23.4% HTS as bolus therapy. All 25 patients in the mannitol group received 20% mannitol. The mean cumulative ICP burden (15.52% [HTS] vs 36.5% [mannitol]; p = 0.003) and the mean (± SD) daily ICP burden (0.3 ± 0.6 hours/day [HTS] vs 1.3 ± 1.3 hours/day [mannitol]; p = 0.001) were significantly lower in the HTS group. The mean (± SD) number of ICU days was significantly lower in the HTS group than in the mannitol group (8.5 ± 2.1 vs 9.8 ± 0.6, respectively; p = 0.004), whereas there was no difference in the numbers of days of ICP monitoring (p = 0.09). There were no significant differences between the cumulative median doses of HTS and mannitol (p = 0.19). The 2-week mortality rate was lower in the HTS group, but the difference was not statistically significant (p = 0.56). cONcluSiONS HTS given as bolus therapy was more effective than mannitol in lowering the cumulative and daily ICP burdens after severe TBI. Patients in the HTS group had significantly lower number of ICU days. The 2-week mortality rates were not statistically different between the 2 groups.
T raumaTic brain injury (TBI) remains a significant cause of death and disability. Guidelines for the management of severe TBI (hereafter referred to as guidelines) have been published by the Brain Trauma Foundation (BTF), and adherence to these guidelines has been associated with a significant reduction in the mortality rate. 3, 15 The guidelines include a Level II recommendation for the use of mannitol for the treatment of high intracranial pressure (ICP) and state that "mannitol is effective in reducing ICP in the management of traumatic intracranial hypertension" and that "current evidence is not strong enough to make recommendations on the use, concentration and method of administration of hypertonic saline for the treatment of traumatic intracranial hypertension." 4 Intracranial hypertension and cerebral hypoperfusion are common occurrences after severe TBI and are associated with worse outcome, whereas a response to ICPlowering treatment is associated with a decreased mortality rate. 10, 11, 29, 35 Mannitol reduces ICP and mortality rates after head injury and is superior to pentobarbital in reducing the occurrence and severity of ICP elevations. 30, 45, 47 However, hypertonic saline (HTS) has increasing pilot data supporting its efficacy. 1, 17, 20, 21, 25, 48, 51 Recent meta-analyses of observational studies comparing mannitol and HTS in the treatment of raised ICP support HTS as a superior agent for lowering ICP. 24, 32 One of the meta-analyses included 5 trials (not restricted to TBI) with a total of 112 patients and found that HTS was overall superior in controlling ICP elevations, with a higher odds ratio favoring ICP control, and a greater reduction in the occurrence and severity of ICP. 24 Several published studies favoring HTS were small and included pooled data from patients with different causes of brain injury (TBI, stroke, subarachnoid hemorrhage). These data do not provide adequate evidence for specific brain injury diagnoses but rather yield a broad basis for additional study. In addition, all studies published to date examined the effects of mannitol or HTS only on discrete episodes of intracranial hypertension, and the rapidity and duration of reduction of ICP spikes, and no data exist on the efficacy of either agent in reducing the cumulative ICP burden. Therefore, using prospectively collected data, we undertook this study to compare the effects of mannitol and HTS on the cumulative and daily ICP burdens, rather than on single episodes of intracranial hypertension, in patients with severe TBI.
Methods

TBI-trac Database
As part of a quality improvement program, the BTF developed the TBI-trac database to track compliance with the guidelines for the management of severe TBI and to test clinical hypotheses that could improve the existing BTF guidelines. Trained nurse coordinators at participating hospitals were required to collect and enter clinical information about patients with severe TBI into the database in a prospective manner. The clinical information included data from the prehospitalization period, the emergency department, and the first 10 days in the intensive care unit (ICU), as well as 2-week mortality data. Use of the database and the quality improvement program was funded by the New York State Department of Health and was deployed across 22 trauma centers in New York State. The research protocol was approved by or exempt from review by the institutional review boards of all the participating institutions. For patient confidentiality, no identifiers were entered into the database.
Study Population
We reviewed data on patients admitted between June 6, 2000, and August 21, 2008 , and included patients aged 16 years or older who had suffered a severe TBI and were hospitalized for at least 5 days. In addition, patients were included if they received only 1 hyperosmotic agent, mannitol or HTS, for the treatment of intracranial hypertension. For patients who received both mannitol and HTS, data were not available on whether use of the second agent was specifically for treatment failure or for other reasons such as drug availability or physician choice. Therefore, to prevent erroneous conclusions, patients who received both agents were not included for data analysis. Patients were excluded if they met one of the following criteria on Day 1: Glasgow Coma Scale (GCS) score of > 9, motor score of 6, GCS score of 3 with bilateral fixed and dilated pupils, death on Day 1, or arrival at the trauma center 24 hours or more after injury. Patients with advanced directives requesting no heroic measures or a do-not-resuscitate/donot-intubate instruction were also excluded.
Outcome Variables
The primary outcomes were cumulative ICP burden (%) and daily ICP burden (hours/day). The cumulative ICP burden was calculated as the sum of the number of days a patient had an ICP spike (ICP > 25 mm Hg) as a percentage of the total number of days of ICP monitoring. An average daily burden of elevated ICP (ICP > 25 mm Hg) was also calculated (hours/day). Furthermore, we examined total number of ICU days, number of days of ICP monitoring, and the 2-week mortality rate. In addition, we evaluated the total ICP burden during the first half of ICP monitoring period and compared it to that during the second half for both groups, and we performed in-group and between-group comparisons. In the database, HTS doses were specified by concentration and volume administered, and mannitol doses were specified as escalating dose ranges in grams. Therefore, we used the recorded dose for HTS and median dose of ranges for mannitol to calculate the cumulative dose. We then converted these doses to equiosmolar dose ranges for HTS on the basis of the dose ranges specified for mannitol in the database (Table 1) .
Statistical analyses
The goal of the study was to compare the effect of mannitol and HTS on the outcome variables described above. Descriptive summaries of the data are presented as mean ± SD or median (interquartile range) for continuous variables and frequencies for categorical variables. Differences in the baseline variables between the 2 groups were assessed using 2 methods. First, the 2-sample t-test was used for continuous variables, and the chi-square or Fisher exact test was used for categorical variables.
Second, the standardized difference was computed for each baseline variable. The standardized difference was defined as the difference in mean in units of the pooled standard deviation for assessing the imbalance in covariates between patients in the 2 groups. 12 It has been suggested that a standardized difference of > 20% represents meaningful imbalances between groups. 6 We used either a p value of < 0.05 or a standardized difference of > 20% for determining baseline differences between the groups.
Patient Matching
Age, initial GCS score, hypotension, pupil reactivity, CT scan abnormalities, and surgical lesions have been shown to predict 2-week mortality rates after severe TBI. 10 We therefore attempted to match patients in the 2 groups for these factors and day of ICP monitor insertion. Because of the small number of patients in the HTS group (n = 35), a regular propensity score generated from a multivariate logistic regression model was not feasible. We therefore used an exact matching approach to control for baseline differences between the groups. 42 To have maximum numbers of matching pairs, age and baseline CT abnormalities were not included in the matching because their standardized difference was < 20%, and the p value was > 0.05 (i.e., balanced between the 2 groups). We evaluated the balance of these baseline variables between the groups after matching. In addition to the 1:1 matching, we also performed a 1:2 matching for sensitivity analysis. Patients in the HTS group with no match in the mannitol group, or with missing or erroneous data, were excluded.
The Wilcoxon signed-rank test was used for matched samples, and the Cochran-Mantel-Haenszel (CMH) test was used for continuous variables. Corresponding overall common odds ratios and 95% confidence intervals were calculated for categorical variables for comparisons between groups. In the 1:2 matching samples, the average of continuous variables from the 2 matching patients who were given mannitol was calculated before statistical testing was conducted. All statistical tests were 2-sided, and a p value of < 0.05 was considered statistically significant. Analyses were performed using SAS version 9.2 software (SAS Institute Inc.).
results
Patient Selection and Matching
A total of 2641 patients with TBI from 22 trauma centers were identified in the database, and 1327 met all the inclusion criteria. Of these patients, 589 received no hyperosmotic agent, 137 received both HTS and mannitol, and 512 received either HTS or mannitol alone for the management of intracranial hypertension; 89 patients had missing data on the administration of hyperosmotic therapy. Baseline characteristics of all the patients are shown in Table 2 .
We identified 35 patients who received HTS only and 477 who received mannitol only. Eight patients were excluded in the HTS group; 7 had missing ICP data, and 1 had wrong HTS dose information. Therefore, 27 patients from the HTS group were included for the exact matching approach. Of the 27 patients, 25 had an exact match with 25 patients in the mannitol group and were included for additional data analyses (Fig. 1 ). All patients in the mannitol group received 20% mannitol. Twenty-four patients in the HTS group received a 3% and 1 patient received a 23.4% bolus of HTS (the osmolar doses were similar for 3% and 23.4% HTS) ( Table 1 ). With 1:2 matching, 24 patients in the HTS group had 48 corresponding matched patients in the mannitol group.
A comparison of the baseline characteristics of the unpaired patients in the 2 study groups is shown in Table  3 . When the criteria described above were applied, there was an imbalance of baseline characteristics in the matching variables of the 2 cohorts (standardized difference > 20% or p < 0.05). However, in the matched (1:1) group, the baseline data were comparable (Table 4) . In each group, 6 (17.1%) of 35 patients had a pupillary abnormality, 8 (23.5%) had hypotension, and 7 (20.6%) underwent craniotomy. ICP monitors were placed, on average, by the 2nd day (mean 1.16 ± 0.47) after admission to the ICU, and the mean GCS score in both groups was 5.4 ± 1.55. Age was balanced between the 2 groups (mean 34.96 ± 15.41 years [HTS] vs 36.68 ± 16.90 years [mannitol]; p = 0.96). Although the standardized difference increased to 17% for CT scan abnormalities, it was a result of the small sample size. The proportions of patients with CT scan abnormalities were comparable (92% in the HTS group vs 96% in the mannitol group; p = 0.56). Overall, the matched baseline data were balanced between the 2 groups.
intracranial Pressure reduction
The results from the 1:1 pairing are shown in Table 5 . The total numbers of days of ICP recording in the 2 groups was not significantly different (6.4 ± 2.7 days [HTS] vs 7.7 ± 2.7 days [mannitol]; p = 0.09). The cumulative ICP burden was significantly lower in patients who received HTS than in those who received mannitol (15.2% ± 19.9% vs 36.5% ± 30.9%, respectively; p = 0.003). The daily ICP burden was also significantly lower in the HTS group than in the mannitol group (0.3 ± 0.6 hours/day vs 1.3 ± 1.3 hours/ day, respectively; p = 0.001). Results from the 1:2 matched comparisons are shown in Table 5 . The cumulative ICP and daily ICP burdens remained significantly lower for the HTS group. The cumulative median dose ranges of HTS and mannitol were comparable (median 1101-3300 mOsm vs 551-1100 mOsm, respectively; p = 0.19).
To evaluate whether the effectiveness of HTS or mannitol changed with repeated dosing, we compared the total ICP burdens (hours) between the first and second halves of the ICP monitoring period and found no difference in either group (Table 6 ). Furthermore, there was no intergroup difference in the change in total ICP burden from the first half to the second half. The total ICP burden was significantly lower in the HTS group in both halves of ICP monitoring period.
length of icu Stay and Mortality rate
The duration of the ICU stay was significantly lower in the HTS group in the 1:1 matched comparison (8. 
Discussion
In this study, we examined the effect of mannitol and HTS on raised ICP over the entire course of treatment for intracranial hypertension after severe TBI. Our findings illustrate that HTS is superior to mannitol in reducing cumulative and daily ICP burdens after severe TBI. Our results are strengthened by matching patients in both groups for variables known to affect early death after TBI. 10 In addition, the total number of ICU days was significantly lower in the HTS group, but the mortality rates were not significantly different, although there was a tendency for a lower mortality rate in the HTS group. 
Hypertonic Saline versus Mannitol
Hypertonic saline and mannitol share similar mechanisms in reducing raised ICP. Both of them work by establishing an osmotic gradient across the blood-brain barrier, leading to fluid shifts from the intercellular space into the microcirculation. 2, 36, 54 The immediate reduction in ICP is likely related to an increase in cardiac output and improvement in laminar blood flow in capillaries by the effects on red blood cell rheology, dehydration of endothelial cells, and decreased blood viscosity. 5, 8, 34, 53 This process takes several minutes and lasts up to a few hours.
36
HTS and mannitol also have antiinflammatory effects. 19, 28 Clinically, HTS and mannitol have each been shown, in several observational and nonrandomized studies, to reduce ICP and improve brain physiology to different extents. In an initial prospective study, Härtl et al. showed that 7.5% HTS reduced ICP and increased cerebral perfusion pressure (CPP) in patients with TBI. 17 Several other studies also demonstrated that HTS reduces ICP when it is used as a first-line agent or in patients with intracranial hypertension refractory to mannitol, and it increases CPP and brain oxygenation. 20, 37, 40, 44 Hypertonic saline has a more pronounced and longer-lasting effect on raised ICP than mannitol and does not cause a rebound increase in ICP. 17, 25, 51 It causes quick and sustained volume expansion and is effective in lowering raised ICP refractory to other therapies. 7, 9, 17, 18, 25, 51 Single doses of 23.4% HTS can reverse transtentorial herniation and improve cerebral blood flow (CBF), CPP, and cerebral oxygenation. 27, 37, 40 Although mannitol also increases CPP and CBF and reduces ICP, the increases in CPP and CBF are smaller than those seen with HTS and are not associated with an increase in cerebral oxygenation. 16, 31, 33, 37 There have been no large randomized controlled trials (RCTs) comparing HTS and mannitol in severe TBI. A few small RCTs using equimolar and/or isovolumic dose comparisons provide limited data from heterogeneous groups of patients. 1, 7, 13, 21, 48 A comparison of isovolumic doses of 7.5% HTS and 20% mannitol demonstrated that HTS provided greater reductions in the number and duration of ICP spikes than those with mannitol. 48 In 3 studies using equimolar doses of HTS and mannitol, HTS demonstrated either equal or greater reductions in ICP and longer durations of effect, and mannitol produced significantly greater diuresis and volume loss. 1, 7, 13 In a comparison of equimolar and isovolumic doses of hypertonic sodium lactate and mannitol in patients with TBI, hypertonic sodium lactate produced a greater magnitude and duration of ICP lowering and a higher CPP than did mannitol. 21 In some of the randomized trials discussed above, patients with TBI with cerebrospinal fluid diversion and surgical lesions were excluded, whereas patients with strokes were included in others. 1, 13, 21 This limits the application of these data to a large proportion of patients with severe TBI because cerebrospinal fluid diversion and surgical evacuation of intracranial lesions are common. The inclusion of patients who have had a stroke makes it difficult to make inferences because of different pathophysiological mechanisms and natural history. Furthermore, the subgroups of patients with TBI received both HTS and mannitol ac- cording to study designs and were not matched for factors known to affect short-term outcome. In contrast, our study included only patients with severe TBI and provides data from the largest number of patients studied to compare the efficacy of HTS and mannitol in ICP reduction. All the patients in our study received only 1 hyperosmotic agent and were matched for GCS score, pupillary reactivity, craniotomy, and occurrence of hypotension on Day 1, which all affect short-term outcome after TBI, and patients with surgical lesions were included. A 1:2 patient matching between HTS and mannitol further strengthens our observations.
cumulative icP reduction
Most studies have examined the effect of osmotic agents on single ICP elevations. In our study, we examined the cumulative ICP burden rather than the effect on individual ICP spikes imposed by repeated elevations of ICP. In patients with severe TBI and high ICP, the area under the curve (AUC) for ICP has been shown to be a significant predictor of poor outcome at 6 months and of death, and the AUC was significantly higher in patients with a higher Marshall score. 49 Sheth et al. used automated "pressure times time dose" (PTD) to demonstrate that the total PTD for patients with an ICP of > 20 mm Hg and CPP of < 60 mm Hg had a high predictive power for functional outcome and in-hospital mortality. 23, 46 These methods were also validated in a study in the pediatric population, in which the ICP AUC was correlated with mortality, and the cumulative pressure-time index for below-threshold CPP was correlated with outcome morbidity and mortality. 22, 50 Therefore, the measurement of daily and cumulative ICP burdens is a meaningful outcome variable.
length of icu Stay and Mortality rate
This study also provides data on the benefit of HTS on length of ICU stay. Patients who received HTS spent fewer days in the ICU than patients who received mannitol. In comparison, adherence to mannitol use per Austrian guidelines has been shown to reduce length of hospitalization but not duration of ICU stay. 43 A larger cohort is required to perform the additional cost-benefit analysis, but a shorter ICU stay coupled with decreased dosing of HTS and other ICU interventions would result in significant cost savings. There was a tendency for lower 2-week mortality rate in the HTS group, although this tendency was not statistically significant.
Osmolar Dose comparison
The studies cited above compared dose formulations that were isovolumic, equiosmolar, or both. 1, 7, 13, 21, 48 Hyperosmolar therapy in our patients was titrated to the effect on ICP, and osmolar or volume considerations were not used for dosing. However, we calculated the cumulative osmotic doses of HTS and mannitol and compared them in both groups. In our data, the median cumulative doses were not statistically different between the 2 groups.
Typically, the administration of different volumes of mannitol or HTS boluses does not pose a problem. HTS and mannitol have opposite effects on volume status; HTS causes volume expansion, and mannitol causes diuresis. The cerebral effects also may vary because of differences in reflectance coefficients. Therefore, equimolar doses may not have equivalent effects in ICP reduction, which is supported by our data, because HTS produced greater cumulative ICP reduction with a median cumulative dose similar to that of mannitol.
Change in Efficacy
Finally, we examined the effects of mannitol and HTS on ICP reduction during the first and second halves of the ICP monitoring period. We found no changes in the efficacy of either agent between the first and second halves of the treatment period. There were also no differences in the changes in ICP burden between the 2 halves of the ICPmonitoring period for either agent, suggesting that HTS and mannitol both retain their effectiveness with repeated dosing.
limitations of the Study
Study Design
This study was a retrospective analysis of data and was not powered for the highest level of benefit analysis. However, the data were collected in a consistent, systematic, and prospective manner from several centers.
Sample Size
The total number of patients in our study was small. However, compared with the other studies discussed above, it is the largest group of patients thus far studied to compare the effects of HTS and mannitol on ICP reduction after TBI. In addition, the patients included in our study were matched for all variables that affect short-term outcome after TBI, which makes our observations more robust. In addition, the subjects selected received only 1 hyperosmotic agent throughout their treatment, and all patients except 1 in the HTS group received 3% HTS.
Patients who received both HTS and mannitol were not included because the reasons for the administration of both agents were not available. Although the use of both agents may imply treatment failure with 1 agent, it may also merely represent physician choice or drug availability. In addition, these patients did not represent an unduly large subgroup (10.32%).
Dosing Methods: Bolus Versus Continuous Infusion
In pediatric patients, the use of continuous HTS infusion has been shown to reduce ICP. 26, 38 However, although the use of continuous HTS infusion has been shown in adults to be safe, its benefit in ICP reduction has not been demonstrated. 14, 39, 41, 52 We examined HTS therapy using bolus dosing. Therefore, the conclusions can be applied for the use of HTS bolus therapy only and not for the use of continuous HTS infusions to reduce ICP.
Specific Treatments
The study did not address specific treatments used to control ICP crises other than HTS and mannitol. However, surgical lesions were matched in the 2 groups.
Factors Influencing Choice of Osmotic Agent
We were not able to determine the reasons for the choice of HTS or mannitol. It is unknown if drug availability, physician preference, or clinical comorbidities affected the physicians' choices (e.g., heart failure favoring mannitol and renal injury favoring HTS). These comorbidities may play a role in clinical outcomes; however, both groups had generally young patients. Also, by matching patients for other variables that affect outcome, we made every effort to remove selection bias between the 2 groups.
Adverse Effects
Hypertonic saline and mannitol have been documented to cause different adverse effects. HTS can cause volume overload, cardiac failure, and renal failure when the serum sodium level is markedly elevated. Similarly, mannitol can cause renal failure as a result of precipitation in the renal tubules. No data on the adverse effects of these agents were available in the database.
conclusions
In the absence of an RCT, there is no consensus on the superiority of either HTS or mannitol in treating intracranial hypertension after severe TBI. We examined prospectively collected data from 22 trauma centers in New York State. Patients in the study were matched for factors affecting short-term mortality rate after TBI (GCS score, pupillary abnormality, hypotension, and surgical lesions) and were comparable in age and CT scan abnormalities. Compared with mannitol, bolus HTS therapy provided significantly greater reduction in cumulative ICP burden, measured as the percentage of days of intracranial hypertension; HTS use was also associated with significantly reduced daily ICP burden and fewer ICU days. The 2-week mortality rates were not statistically different in the 2 groups. Reduction in the number of ICU days along with the less-frequent administration requirements suggest that HTS may be a preferable agent in reducing ICU costs. These results further impress on the need to conduct an RCT to compare long-term outcome benefits between mannitol and HTS treatment.
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